The corrosion behavior and microstructure of AA7055 alloy with a high Cu content, and a Cu-free Al-Zn-Mg alloy in various aging conditions were studied. Polarization measurements and ASTM B117 salt-spray exposure were used to assess the corrosion characteristics. Transmission electron microscope and atom probe tomography were used to evaluate the microstructure and the composition of precipitates. The matrix composition of AA7055 changed with aging because of precipitation. Thus, the galvanic relationship between Al 7 Cu 2 Fe particles and the surrounding matrix correspondingly changed, which affected the susceptibility to pitting corrosion attack. The susceptibility to pitting corrosion damage of AA7055 was found to decrease according to: over-aged samples > under-aged samples > peak-aged sample. However, aging had only a small influence on pitting corrosion damage for the Cu-free Al-Zn-Mg alloy. Furthermore, despite the more active breakdown potential of the Cu-free Al-Zn-Mg alloy, this alloy exhibited less severe pitting corrosion damage than AA7055, in particular for the over-aged samples. This was attributed to the weaker galvanic coupling between Al 3 Fe particles and the surrounding matrix. Although Cu in the intermetallic particles is detrimental to pitting resistance, the galvanic effect can be reduced by increasing the matrix Cu content. High-strength precipitation-hardenable aluminum alloys are commonly used for structural components of aircraft due to their high strength-to-density ratio.
High-strength precipitation-hardenable aluminum alloys are commonly used for structural components of aircraft due to their high strength-to-density ratio. 1 However, they are also very susceptible to pitting corrosion, in particular for Navy aircraft subjected to extended periods of salt water spray and/or salt fog. 2 These corrosion pits can act as initiation sites for corrosion fatigue cracks and reduce the fatigue life, which is a significant damage mechanism in aging aircraft structures. 2, 3 From a microstructural viewpoint, initiation of localized pitting corrosion is often associated with coarse cathodic intermetallic particles (IMPs), such as Al 7 Cu 2 Fe, Al 3 Fe, Al 2 Cu, and Al 2 CuMg, which are common in 2xxx and 7xxx series Al alloys. [4] [5] [6] [7] [8] [9] A number of studies have been performed on electrochemical characteristics of these particles. 4, 8, 9 In general, they act as local cathodes and sustain oxygen reduction at a high rate to drive the pitting corrosion attack at the particle-matrix interface. In addition, a few studies have related the precipitate size to metastable and stable pitting corrosion in Al-Cu-Mg and Al-Zn-Mg-Cu alloys. [10] [11] [12] [13] Ralston et al. 11, 12 suggested that there was a critical S-phase precipitate size range from ∼3 -8 nm to trigger pitting events. Aged samples with smaller precipitate size had pitting resistance similar to as-quenched samples. The susceptibility to pitting corrosion was greatly enhanced after prolonged aging to create precipitates larger than this critical size range. Gupta et al. 13 reported that a critical precipitate size existed for a transition in electrochemical behavior of 7xxx series Al alloys. For Cu-rich AA7150, increased aging time resulted in a decrease in metastable pitting rate when the precipitate size was larger than ∼5 nm. However, the same critical precipitate size was associated with an increase in pitting susceptibility for Cu-lean AA7079.
Only a few studies have been performed on the effects of microstructure evolution resulting from aging on the corrosion pitting resistance in Al-Zn-Mg-(Cu) alloys, in particular for samples exposed to atmospheric corrosion environment. 7, [13] [14] [15] Andreatta and coworkers 7, 14, 15 investigated the galvanic coupling between the IMPs and the surrounding matrix phase of AA7075 in the as-quenched, peakaged T6 and over-aged T73 tempers using a micro-capillary cell and scanning Kelvin probe force microscopy (SKPFM). They suggested that the breakdown potential of areas containing the IMPs (Al 7 Cu 2 Fe and (Al,Cu) 6 (Fe,Cu) particles) was associated with the Volta potential difference between the IMPs and the matrix. The as-quenched and over-aged samples had larger Volta potential differences than the peak-aged sample. The high contents of Zn and Mg in the matrix solid solution and the depletion of the matrix Cu resulting from Cu enrichment in the precipitates are the causes of the difference in potential for as-quenched and over-aged samples, respectively. The influence of Cu on the corrosion resistance is not very clear and sometimes contradictory, partly because the different ways that Cu can distribute in the microstructure of Al-Zn-Mg-Cu alloys can have different effects. The Cu-rich IMPs are often cathodic with respect to the matrix, which induces pitting attack and facilitates fatigue initiation. However, Cu in the matrix solid solution can increase the pitting potential. 16 Metastable phases such as clusters, GP zones or η precipitates can contain a certain amount of Cu. 17 The effects of these metastable phases on corrosion behavior are not yet well understood due to the extremely small precipitate size. The Cu content in η phase, which can be described as Mg(Zn,Al,Cu) 2 , [17] [18] [19] was found to increase with aging temperature. 19 Ramgopal et al. 20 argued that the addition of Cu to MgZn 2 can increase its corrosion potential and breakdown potential. The higher Cu content in the η-phase resulting from overaging is considered to be beneficial to the resistance to intergranular corrosion (IGC) and stress corrosion cracking (SCC). 18, 21 The goal of the present study is to establish the correlation between microstructure evolution, electrochemical behavior and pitting corrosion damage under the salt-spray environment in commercial Cu-rich AA7055 and an experimental Cu-free Al-Zn-Mg alloy with different aging conditions, and to further investigate the role of Cu in the pitting corrosion. The microstructure evolution and electrochemical behavior of the two Al alloys in various aging conditions were studied by transmission electron microscope (TEM) and polarization measurements. The compositions of precipitates were characterized by atom probe tomography (APT). The pitting corrosion damage accumulation of these alloys in various aging conditions was studied using the ASTM B117 salt-spray exposure method. The corrosion damage of the corroded surface was quantitatively characterized using an optical profilometer (OP). The resulting corrosion morphology was characterized by optical microscopy (OM) and scanning electron microscope (SEM).
Experimental
Two types of aluminum alloys, commercial AA7055 and an experimental Cu-free Al-Zn-Mg alloy, were used in the current investigation. The chemical compositions of the two alloys are, as determined by inductively coupled plasma mass spectroscopy (ICP-MS), given in Table I . AA7055 contained more Zn and Mg, but less Fe and Si than the Cu-free Al alloy. The Cu-free Al alloy also contained Cr and Mn as trace elements, while AA7055 can be considered as Cr-free and Mn-free.
Samples of 15 mm × 15 mm × 5 mm were cut from these alloys. All the samples except for the as-received AA7055-T77 sample were solution heat treated at 480
• C for 1 h and then quenched in water to room temperature. Some of the samples were then artificially aged at 120
• C for 1, 4, 8, 18 or 24 h to obtain the under-aged (1, 4, 8, 18 h) and T6 peak-aged (24 h) conditions. Other samples were first held at 120
• C for 6 h followed by aging for 24 h at 163
• C to create the T73 over-aged temper. All samples exposed the rolling surface (LT surface), which was ground in ethyl alcohol with SiC grinding paper from 320 to 1200 grit.
Vickers hardness measurements were performed using a 200 g load and a hold time of 20 s. Vickers hardness was measured at least five times for each metallurgical state and the average is reported. The microstructures were characterized using OM, SEM and TEM. OM was performed on polished and etched samples with three orthogonal orientations (longitude, transverse and short) to observe the grain morphology. Etching was performed using Keller's reagent. SEM-EDS was used to identify the coarse intermetallic particles. TEM foils for characterizing the precipitates in the bulk alloy were prepared by twin-jet polishing at 30 V using a solution of 30% nitric acid and 70% methanol cooled to -30
• C. The compositions of precipitates in AA7055-T6, -T77 and -T73 were performed using APT. Details concerning the needle-shaped specimen preparation, experimental parameters and analysis procedure were described previously. 22 The interfaces between the matrix and precipitates were delineated with 10 at. % Mg isoconcentration surfaces. The compositional profiles across the matrix/precipitate interfaces were obtained by the proximity histogram methodology 23, 24 and were used to assess the average precipitate compositions.
The polarization curves of samples with different aging conditions were measured in quiescent, air-exposed, 3.5 wt% NaCl solution using a Gamry FAS1 potentiostat. A saturated calomel electrode (SCE) and Pt counter electrode were used. The open circuit potential (OCP) of the samples was measured for 0.5 h, and then anodically polarized at a scan rate of 0.167 mV/s from the OCP. The polarization curves were measured at least three times for each sample, and representative curves are presented.
For salt spray testing, the polished samples were masked by lacquer, leaving a surface area of about 100 mm 2 exposed to a continuous spray fog of 5 wt% salt solution at 35
• C according to ASTM B117. After 24 h exposure, samples were taken out from the chamber, rinsed with distilled water to remove the excess salt and dried in air. Corrosion products were then removed with concentrated nitric acid. The corrosion damage of the corroded surface was quantitatively characterized using an OP (Veeco Contour GT-K) operating in vertical scanning interferometry mode. At least five area scans of around 1.23 mm 2 at 5× magnification were performed on each sample. The acquired 2-D and 3-D images were then analyzed using a software package (Vision64 from Bruker) to determine pit characteristics, e.g. depth, diameter, area, volume and pit number density. The salt spray experiments and OP measurements were repeated on at least two samples for each metallurgical state. OM and SEM was also used to observe the surface morphology after salt spray tests.
Results
Microstructure.- Figure 1 shows the grain morphology of AA7055 and the Cu-free Al alloy. Both alloys had recrystallized grains and elongated grains along the rolling direction. The Cu-free Al alloy exhibited much finer and higher aspect ratio grains than AA7055. Most of the dark spots were voids left by IMPs because of dissolution or attack of the surrounding matrix during etching. Some of the IMPs remained in the Al matrix after etching. The low-magnification backscattered electron images of the polished samples in Figure 2 show bright particles corresponding to the IMPs for both alloys. The IMPs in AA7055 were aligned parallel to the rolling direction, while the trend was not evident in the Cu-free Al alloy, which exhibited smaller size but higher number density of the IMPs. The IMP size in AA7055 ranged from ∼2 to 20 μm, while the average IMP size in the Cu-free alloy was about 5 μm. SEM-EDS results revealed that the IMPs in AA7055 were mostly Al 7 Cu 2 Fe particles, while Al 3 Fe particles were the main IMPs in the Cu-free Al alloy. Both particles are commonly found in Al-Zn-Mg-(Cu) alloys. 8, 9 Figure 3 shows bright-field TEM images taken from close to the 110 zone axis of the Al matrix in AA7055 aged at 120
• C for different times. Ellipsoidal and elongated precipitates were observed in all the aged samples. After aging for 1 h, there was a relatively high-density of precipitates, indicating that the precipitate number density increased rapidly at first. The size of the largest precipitates was about 3 nm. GP zones are considered to be the dominant phases at the earliest stage of precipitation. 25, 26 It has been shown previously that some η precipitates would have already formed after 1 h. 26 With increased aging time, the size and number density of precipitates increases slowly and η precipitates transformed from GP zones are the main strengthening phase after aging for 4 h and longer. 26 The precipitates in AA7055-T6, -T77 and -T73 were characterized previously by TEM. 22, 27 The precipitate size increases from the peak-aged T6 to over-aged T73 tempers, while the precipitate number density exhibit the opposite trend. The T77 temper is intermediate between them. 22, 27 Furthermore, η precipitates are the dominant phases for the T6 and T77 samples, while η and η precipitates coexist in the Al matrix for the T73 temper, with the latter being dominant. 22, 27 Compositional profiles across the matrix/precipitate interfaces in AA7055 in the three tempers obtained by APT analyses are shown in Figure 4 and the average precipitate compositions are presented in Table II . The changes in the matrix solid solution of these three samples were described previously. 22 Comparing the three tempers in Figure 4 and Table II, the Zn, Mg and Cu concentrations in the precipitates increased according to: over-aged (T73) temper > T77 temper > peak-aged (T6) temper, in particular for the Cu concentration. Marlaud et al. studied the compositions of precipitates in the peak-aged and over-aged Al-Zn-Mg-Cu alloys using a combination of APT and anomalous small-angle X-ray scattering, and suggested that more Cu incorporated in precipitates by substituting for Zn during high-temperature aging conditions. 19 Figure 5 shows bright-field TEM images taken from close to the 110 zone axis of the Al matrix in the Cu-free Al-Zn-Mg alloy aged at 120
• C for different times. Ellipsoidal and short rod-like precipitates were also observed in all the Cu-free Al samples with different tempers. The number density of precipitates was lower for this alloy than for AA7055 with the same aging condition, but the precipitate size in both alloys was similar. In particular for the peak-aged T6 and over-aged T73 tempers, the number density and size of ellipsoid precipitates were similar in both alloys. The Cu-free alloy however showed much lower number density of elongated precipitates than AA7055, which is similar to the results in the work of Chinh et al. 28 Gupta et al. 13 also reported that the addition of Cu promoted the nucleation of precipitates, but had little effect on precipitate growth.
Hardness.- Figure 6 shows the hardness data of all the samples of AA7055 and the Cu-free Al alloy. Both hardness curves exhibited similar trends. The hardness increased with aging time, reached a peak after aging for 24 h at 120
• C, and then decreased with over-aging. The hardness of AA7055 was much higher than that of the Cu-free Al alloy because the addition of Cu improves the mechanical strength. Deschamps and co-workers suggested that Cu addition increased the stability of GP zones, decreased the nucleation temperature of precipitates, decreased the apparent diffusion coefficient for precipitation, and increased the strengthening ability of precipitates, and thus the mechanical strength was dramatically improved in the Cu-containing Al-Zn-Mg alloy. 29 Polarization behavior.-Figures 7a and 7b show anodic polarization curves for the 1200 grit as-abraded AA7055 and Cu-free Al alloy, respectively, in various tempers in quiescent, air-exposed, NaCl solution at a scan rate of 0.167 mV/s. The anodic polarization curves of the AA7055-T6, -T77, -T73 samples and the Cu-free Al alloy in the peakaged T6 temper were reported previously. 22, 27 The AA7055 samples aged at 120
• C for 4 and 18 h showed a double breakdown potential. The AA7055 sample aged for 8 h acted similarly to these two samples, and the curve is not shown here. As suggested previously, 22 ,27,30-32 the first breakdown potential corresponds to the attack of active surface layer formed by surface abrasion, and the second one is the pitting potential (E P ) of the underlying bulk material. No surface layer dissolution and a single breakdown potential were observed for the 1 h aged sample. Similar results have been reported in the work of Zhao and Frankel for AA7075 32 . Surface layer dissolution depends on the relative susceptibility between the surface layer and the underlying bulk matrix. 22, 27, 30, 32 Similar to the as-quenched and over-aged samples showing no layer attack, 27, 32 it is reasonable to expect that the surface layer of the 1 h aged sample was not significantly more active than the underlying bulk material, which resulted in the absence of surface layer attack. Previous work has showed that surface layer attack occurred for the AA7055-T6 and -T77 samples, while it did not occur for the over-aged T73 sample. 22, 27 The Cu-free Al alloy in under-aged ( Figure 7b ) and peak-aged 27 tempers showed a single breakdown potential and no surface layer attack, whereas the over-aged T73 samples exhibited two breakdown potentials and surface layer attack as evidenced by uniform corrosion product on the surface after polarization. Previous work has suggested that both the Zn-rich bands in the surface layer and the Cu content in the matrix solid solution of the underlying bulk material contributed to the difference in breakdown potential between them, which were responsible for surface layer attack. 27 Despite the absence of elemental Cu in this alloy, Zn in the matrix solid solution decreased dramatically for the over-aged samples due to precipitate coarsening, which led to enough difference in susceptibility between the active surface layer and underlying matrix material for surface layer attack to occur.
The E P data for AA7055 and the Cu-free Al alloy with different aging conditions are combined in Figure 7c . As described above, for samples exhibiting double breakdown potentials, the second breakdown potential, which corresponded to the bulk matrix E P, was plotted. For samples exhibiting a single breakdown potential and no surface layer attack, pits initiated at the surface and penetrated deep into the bulk above the single breakdown potential. Thus, this potential was associated with pitting behavior. The AA7055-T77 sample, which exhibited overlapping of surface layer breakdown and matrix breakdown, the single breakdown potential was also very close to the bulk matrix E P . 22 For AA7055, the E P increased with aging time during under-aging, reached a maximum at the peak-aged T6 temper, and then decreased with over-aging. Breakdown behavior similar to that of AA7055 in the present study was reported previously for AA7075 30 and AA 7050. 33 The E P increased from the under-aged to peak-aged tempers because of the decrease in the Zn content in the matrix. 32, 33 The E P decreased from the peak-aged to over-aged tempers due to the depletion of Cu in the matrix solid solution. 27, 34 The effect of changes in the matrix Zn content dominated the effect of changes in the matrix Cu content during under-aging, while the opposite trend behaved during over-aging. For the Cu-free Al alloy, the E P increased with aging. This is due to the depletion of the matrix Zn content resulting from the nucleation and growth of precipitates. The E P of the Cu-free Al alloy, except for the over-aged T73 samples, was much lower than AA7055 because of the absence of Cu and the presence of Zn in the matrix solid solution. 16, 35 Pitting corrosion damage in a salt-spray environment. -Figures 8  and 9 show the changes in the maximum pit depth and diameter of AA7055 and the Cu-free Al alloy with various aging conditions, respectively, after 24 h exposure in ASTM B117. For AA7055, the deepest pit depth decreased from ∼50 to 20 μm during under-aging (aged at 120 for 1, 4, 8 or 18 h) , reached a minimum at the peak-aged T6 temper, and then increased dramatically to ∼70 and 100 μm during over-aging to the T77 and T73 tempers, respectively (Figure 8 ). The deepest pit depths in AA7055 decreased in the following order: overaged tempers > under-aged tempers> peak-aged T6 temper. This trend is basically in accordance with the evolution of E P for various aging conditions. In contrast to AA7055, the Cu-free alloy showed only slight differences in deepest pit depth for various tempers. The deepest pit depths of the Cu-free alloy in various tempers were around 10-20 μm, which were much lower than AA7055, in particular for the over-aged tempers.
As shown in Figure 9 , the maximum pit diameter of AA7055 in various tempers exhibited the same trend as the deepest pit depth. Comparing all the aged AA7055 samples, the maximum pit diameters of the over-aged samples were highest, while that of the peak-aged sample was lowest, and those of the under-aged samples were in the middle. The maximum pit diameter remained low for all the aged Cufree samples except for the 8 h aged sample. Compared to AA7055, the maximum pit diameters of the Cu-free alloy were smaller for the 1 h aged and the over-aged samples, twice as large for the 8 h aged samples, and exactly the same for the peak-aged T6 samples. Figure 10 shows the changes in pit number density of AA7055 and the Cu-free Al alloy with various aging conditions after 24 h exposure in ASTM B117. The pit number density of the peak-aged and overaged AA7055 samples varied greatly, indicating that pits nucleated heterogeneously. Despite the large variation, the pit number densities of the peak-aged and over-aged AA7055 samples were larger than that of the under-aged samples. The trend of the pit number density in Figure 10 . Evolution of the pit number density of AA7055 and the Cu-free Al-Zn-Mg alloy with different aging conditions after 24 h exposure in ASTM B117. Error bars are standard deviation from experiments that were repeated at least 2 samples (6 scan areas). AA7055 was a little different than that of the maximum pit depth and diameter that were lowest for the peak-aged T6 sample. Aging had a small influence on the pit number density of the Cu-free Al alloy. Compared to AA7055, the pit number density of the Cu-free Al alloy was similar for the under-aged samples, but lower for the peak-aged and over-aged samples. Figure 11 shows the changes in corroded surface area per scan area of AA7055 and the Cu-free Al alloy with different aging conditions after 24 h exposure in ASTM B117. The trend of the corroded surface area per scan area of AA7055 was similar to that of the maximum pit depth and diameter. In particular, although the peak-aged T6 sample exhibited a large pit number density (Figure 10 ), the corroded surface area was still small because the individual pit diameters were small ( Figure 9 ). The corroded surface area per scan area of the Cu-free alloy decreased slightly with aging. Both alloys in under-aged and peak-aged samples exhibited similar corroded surface area, while the value of the over-aged T73 sample in the Cu-free Al alloy was lower than that in AA7055. The changes in volume loss of both alloys were similar to those in corroded surface area, and so are not described in detail. It should be noted that OP is a top-down line-of-light method, and thus, the attack that might have propagated horizontally in the bulk would not be detected. 36 It is however generally known that Al-Zn-Mg alloys are susceptible to intergranular attack. Thus, it is necessary to observe the cross-sectional corrosion morphology and these results are shown below. Figure 12 shows 2-D topographic images with maximum contrast and line scans of AA7055-T73 and the Cu-free Al alloy in the T73 temper after 24 h exposure in ASTM B117. The images contain both exposed and unexposed areas. The depth loss caused by general corrosion of AA7055 was obtained from the line scan and found to be around 1 μm, while essentially no general corrosion was found for the Cu-free alloy. These values were at least one order of magnitude lower than the pit depths so general corrosion was not considered in this work. Figures 13 and 14 show plan-view and cross-sectional SEM images, respectively, of the corroded surface of AA7055 with different aging conditions after 24 h exposure in ASTM B117. Corrosion damage decreased in the following order: over-aged samples > under-aged sample > peak-aged sample. The low-magnification images in Figures 13a, 13c, 13e and 13g show that corrosion damage exhibited strong directionality associated with Al 7 Cu 2 Fe particles. The highmagnification images show that selective grain attack was found for all the aged samples except for the peak-aged T6 sample. The planview SEM images in Figure 13 show that the under-aged and T77 samples also exhibited more severe IGC than the peak-aged T6 and over-aged T73 samples. The cross-sectional SEM images in Figure 14 show that pitting corrosion was the main form of localized corrosion attack for all the aged samples. The evolution in the pit depth for sample with various tempers in these images is in agreement with the OP results described above. The larger pits in T77 and T73 samples may be a result of selective grain attack. Furthermore, more severe selective grain attack occurred in the over-aged T73 sample compared to other aged samples. The cross-sectional images show that IGC attack was not evident except for the under-aged sample. IGC attack of the T77 sample seems to be more superficial, instead of penetrating downward. From the description of the corrosion morphology above, it is reasonable to expect that pits initiated around Al 7 Cu 2 Fe particles, and developed into IGC and selective grain attack. Pits grew and coalesced through IGC and selective grain attack.
The remnants of IMPs in the AA7055-T73 sample after 24 h exposure in ASTM B117 are bright in the back-scattered electron image in Figure 15 and EDS analysis indicated that they were enriched with Cu. This is due to the selective dissolution or dealloying of Al 7 Cu 2 Fe phase. A similar phenomenon has been reported in the work of Lebouil et al. 37 For some large pits in the over-aged samples, the remnants of particles were not found because of the falling-out or dissolution of the remnants.
SEM images of the corroded surface of the Cu-free Al alloy with different aging conditions after 24 h exposure in ASTM B117 are shown in Figure 16 . The 8 h aged and peak-aged samples exhibited some selective grain attack. The pit depth in the Cu-free Al alloy was too small and the cross-sectional images are not shown. Nisancioglu found Fe enrichment at the surface of Al 3 Fe particles owing to selective dissolution. 38 However, EDS analysis found no Fe-rich remnants resulting from selective dissolution or dealloying of the particles in the present study ( Figure 17 ).
Discussion
Effects of aging condition on the pitting corrosion of AA7055.-In order to understand the relationship between aging condition and pitting behavior, it is necessary to understand the microstructure evolution of AA7055 in various aging conditions. Aging can change the type, morphology, size, number density and composition of precipi- tates and the composition of the matrix solid solution. However, the coarse IMPs, which formed during solidification and were fractured and redistributed in bands along the rolling direction during rolling, do not undergo any transformation during aging conditions. A relatively high density of GP zones and some η precipitates have been found to form in the Al matrix during the early stages of aging. 23 With increased aging time from 4 to 24 h at 120
• C (peak-aged temper), η precipitates are dominant, and the precipitate number density and size increase slowly. As aging continues beyond peak-aged at the higher second step aging temperature, some η precipitates transform to η precipitates, 23 the precipitate size increases remarkably and the precipitate number density decreases. The overall alloying contents of the solid solution correspondingly decreased because of more precipitation and precipitate growth during under-aging, which is supported by the TEM results ( Figure 3 ) and the work of Sha and Cerezo, 25 and precipitate coarsening during over-aging. 22 The accurate composition of the solid solution cannot be resolved by TEM, but it can be acquired by 3DAP. Sha and Cerezo 25 investigated the matrix composition evolution of 7050 Al alloy aged up to 24 h at 121
• C. The matrix Zn and Mg contents decreased dramatically during the first few hours of aging, and then decreased slowly. The matrix Cu content also decreased during the early-stage aging because of the formation of small clusters incorporating small amounts of Cu, and then decreased very slowly. The matrix compositions of AA7055 in peak-aged and over-aged tempers were characterized by APT in our previous work. 22 The matrix Zn, Mg and Cu contents of the over-aged alloys were lower than the peak-aged alloys. The decrease of the matrix Zn and Mg contents was due to the coarsening of precipitates. The matrix Cu content decreased because more Cu was incorporated in the Mg(Zn,Al,Cu) 2 precipitates due to fast Cu diffusion resulting from elevated aging temperature. 19 The relationship between the matrix concentration and pitting potentials of Al-Zn-Mg-Cu alloys has been established previously. 22, 33 The effect of changes in the matrix Zn content dominates the effect of changes in the matrix Cu content from the under-aged to peak-aged tempers. The opposite trend behaves from the peak-aged to over-aged tempers. The reduction of the matrix Zn content was responsible for the increase in pitting potential during under-aging, while the decrease of the matrix Cu content leads to the reduction in pitting potential during over-aging.
It is generally known that initiation of localized corrosion attack is associated with the IMPs. Al 7 Cu 2 Fe particles, which are commonly found in Al-Zn-Mg-Cu alloys, are cathodic with respect to the surrounding matrix phase and are capable of sustaining oxygen reduction reactions at appreciable rates. 9 The strong galvanic coupling between Al 7 Cu 2 Fe particles and the matrix leads to the development of pitting in the surrounding matrix phase. In the case of AA7055, peripheral (circumferential) pits with small area were commonly found in all the aged samples. The Cu-rich remnants (which were close to pure Cu in composition) of Al 7 Cu 2 Fe particles resulted from selective dissolution of Al and Fe or dealloying. The resultant Cu enrichment may increase the galvanic relationship between the Cu-rich remnant and the surrounding matrix and further enhance the pitting-type corrosion attack for certain time until the remnants fall out or dissolve. After that, pits can penetrate deeply because of the autocatalytic nature of the pitting. SEM images of the exposed surface show that the pits initiated around the Al 7 Cu 2 Fe particles, propagated along the grain boundaries and grew through selective grain attack on the surface. However, the cross-sectional SEM images show that the pitting-type corrosion was the main corrosion form for the timescale of the testing investigated. Obvious intergranular attack was only observed in the pit depth direction of the under-aged sample. Selective grain attack was also observed for the over-aged samples.
The changes in pitting corrosion damage of AA7055 with different aging conditions likely resulted from the changes in galvanic relationship between Al 7 Cu 2 Fe particles and the matrix solid solution. Because aging condition does not change the composition and size of Al 7 Cu 2 Fe particles, differences in the AA7055 matrix composition were responsible for the variation in pitting susceptibility. As described above, the reduction of the matrix Zn content ennobled the matrix phase from the under-aged to peak-aged tempers, and the decrease of the matrix Cu content made the matrix phase more active from the peak-aged to over-aged tempers. Therefore, the galvanic coupling between the particles and the surrounding matrix phase became weaker during under-aging, but stronger during over-aging. This led to the decrease in pitting corrosion damage from the under-aged to peak-aged tempers, and the increasingly enhanced pitting corrosion attack from the peak-aged to over-aged tempers. Andreatta and coworkers 7, 14, 15 reported that the breakdown potential of area containing the IMPs was related to the Volta potential difference between the IMPs and the matrix. In particular, the as-quenched AA7075 sample exhibited more active breakdown potential than the peak-aged T6 sample, because the former had the higher Volta potential difference between the IMPs and the matrix and thus exhibited stronger galvanic relationship. Na and Pyun 39 also suggested that the over-aged AA7475 sample was more susceptible to pitting corrosion than the peak-aged AA7075 sample, which was evaluated by pit embryo formation rate. Gupta et al. 13 suggested that the metastable pitting rate, which was proportional to the stable pitting rate, decreased with increased aging time (up to 24 h) at 150
• C in the Cu-rich AA7150 alloy. Moreover, the fact that the over-aged samples exhibited more severe pitting corrosion damage than the under-aged samples indicated a stronger galvanic effect of the over-aged alloy. This means that the depletion of the matrix Cu content had a larger impact on the localized pitting corrosion than the matrix Zn content.
The trend of pitting corrosion damage under the salt-spray environment was basically in accordance with the evolution of the pitting potential of AA7055 in various aging conditions because the pitting corrosion damage and the E P were controlled by the same factors. The shared trends of the E P and pitting corrosion damage of AA7055 with different aging treatments indicated that the E P can be used to evaluate pitting corrosion susceptibility of AA7055 in chloride-containing environments. Similar results about the effect of aging condition on the pitting potential have been reported in AA7075 32 and AA7050. 33 However, a few studies reported that the E P did not change with aging conditions in Al-Zn-Mg-Cu alloys, and thus, it did not provide any indication for pitting corrosion susceptibility. 13 This contradiction may be due to the determination of the E P , which was often obscured by the first breakdown potentials associated with the transient dissolution of surface layer formed by surface preparation for Al-Zn-Mg-Cu alloys in certain tempers. For the Al-Zn-Mg-Cu alloy exhibiting surface layer attack, the true matrix E P was the second breakdown potential, not the first breakdown potential. However, caution must be taken when the E P is used to assess the propensity toward pitting corrosion, because the E P is influenced by experimental parameters (e.g. potential scan rate) and surface roughness. Furthermore, the difference in E P of Al-Zn-Mg-Cu alloys in various tempers was actually small.
Role of η and η precipitates in the pitting corrosion of AA7055.-MgZn 2 phase is very active and anodic with respect to the matrix of a 7xxx series alloy, and it dissolves at high rates when the alloy is subjected to an aggressive environment. 8, 20, 40 For Cu-containing Al-Zn-Mg alloy, Cu incorporates in the clusters, GP zones, η and η precipitates. [17] [18] [19] 25 Based on the work of Sha and Cerezo, 25 the matrix Cu content from the under-aged to peak-aged tempers decreased very slowly, indicating that the corresponding Cu content in η precipitates increased very slowly. However, the APT results in this work show that the Cu concentration in η and η precipitates increased from the peak-aged to over-aged tempers (Figure 4 and Table II ). Ramgopal et al. suggested that Mg(Zn,Cu,Al) 2 is anodic to the matrix in Al-Zn-Mg-Cu alloys over a wide range of compositions in neutral chloride solution, although Cu can ennoble the corrosion potential of this phase. Thus, it may be expected that the precipitates in the over-aged T73 samples still dissolved actively, despite the highest Cu concentration in the precipitates. Wloka and Virtanen observed the features called 'nanopits' in AA7010 after polarization and argued that these nanopits are created by dissolution of η phase. 41 The fact that the precipitate size and number density increased during underaging, while the pitting corrosion damage decreased, indicates that the size or number density of precipitates had a small influence on the pitting behavior. The precipitates apparently had smaller influence on the pitting corrosion than the galvanic coupling between the IMPs and the matrix. Specifically, the matrix solid solution composition is adjusted through changes in the size, number density, composition and volume fraction of precipitates formed by aging and further affect the pitting corrosion. However, it is worth noting that Cu-containing η and η precipitates may undergo dealloying and leave Cu-rich remnants, which may further affect the corrosion behavior. In addition, the precipitates become coarse and may play a more important role on the pitting corrosion than smaller precipitates. The role of precipitates on the pitting corrosion still needs further investigation. 3 Fe particles in the pitting corrosion in Cu-free Al-ZnMg alloy.-Al 3 Fe particles serve as local cathode and provide sites for oxygen reduction reaction, and thus result in the development of pitting at the particle-matrix interface. 8 3 Fe particles are considered to the most noble IMPs simply based on corrosion potential, it may be expected that the Cufree Al alloy should have more severe pitting corrosion damage than AA7055 because of stronger potential difference between the IMPs and the surrounding matrix. However, they also suggested that the classification of relative activity based on corrosion potential was not adequate to understand the corrosion damage mechanism, and more detailed electrochemical behavior such as corrosion current should be taken into consideration. 8 In fact, despite the more noble corrosion potential of Al 3 Fe particles, they sustained smaller cathodic current than Al 7 Cu 2 Fe particles. In addition, Mn and Si in the Al 3 Fe phase can reduce the influence of Fe on anodic and cathodic reaction rates. 38 Therefore, the pitting corrosion damage accumulation on the Cu-free Al alloy was much less severe than on AA7055, in particular for the over-aged samples. Furthermore, owing to the relatively weak ability of Al 3 Fe particles to sustain cathodic current, there was very little difference in galvanic interaction between these particles and the matrix for different aging conditions, even though the matrix Zn content decreased with aging. Thus, there was no obvious trend of pitting corrosion damage in the Cu-free alloy in various aging conditions for the timescale of testing studied. It should be noted that the E P of the Cu-free Al alloy in tempers other than the overaged temper was much lower than AA7055 counterparts with the same aging condition. This indicated that the E P is not a suitable parameter to evaluate the relative susceptibility to pitting corrosion of different alloy systems. Furthermore, although the E P of the Cu-free alloy increased with aging, the E P was also not adequate to predict the practical pitting corrosion damage of this alloy.
Role of Al
Based on the different responses to pitting corrosion damage accumulation of the Cu-rich and Cu-free Al-Zn-Mg alloys, the Cu content in the IMPs played an important role in the localized pitting corrosion attack. However, it cannot be simply concluded that Cu is detrimental to corrosion resistance. Cu in the matrix solid solution can increase the matrix breakdown potential and reduce the galvanic relationship between Al 7 Cu 2 Fe particles and the surrounding matrix. Accordingly, the peak-aged AA7055-T6 sample, which had more Cu in the matrix solid solution, exhibited better resistance to pitting corrosion than the over-aged sample.
Corrosion pits can serve as initiation sites for corrosion fatigue and fatigue cracks. Lin and Yang 44 investigated that the corrosion fatigue behavior of AA7050 in peak-aged and over-aged tempers in air and saline solution. The fatigue crack growth rates for the over-aged alloy were lower than for the peak-aged alloy in both environments. Furthermore, the over-aged alloy exhibited longer fatigue life in air, but shorter life in the corrosive environment than the peak-aged alloy. They suggested that more severe corrosion pits acted as crack nuclei to facilitate crack initiation in the over-aged alloy. However, it is well known that over-aging in Al-Zn-Mg-Cu alloys can improve the resistance to IGC and SCC, partly because more Cu incorporates in the Mg(Zn,Al,Cu) 2 precipitates at the grain boundaries for the over-aged sample. 18, 21 Moreover, a Cu-rich Al alloy was shown to exhibit lower SCC growth rate than a Cu-lean Al alloy. 13 From the discussion above, it can be seen that the role of Cu in the IMPs, the matrix solid solution and the grain boundary precipitates on the corrosion behavior is complicated. More Cu in the matrix content would decrease the galvanic effect and improve the resistance to pitting corrosion and corrosion fatigue. However, it also means that less Cu would be present in the grain boundary precipitates, which would enhance the susceptibility to IGC and SCC. Nevertheless, based on the requirement of high mechanical strength and corrosion resistance or even merely high corrosion resistance, the Cu-rich Al-Zn-Mg alloy is definitely more suitable for structural materials for aircrafts than the Cu-free alloy. In order to get better overall corrosion resistance, measures can be taken to control the size and density of Al 7 Cu 2 Fe particles, increase Cu in the matrix solid solution and grain boundary precipitates based on the designs of alloy composition, solidification process and heat treatments.
Conclusions
The effects of aging condition on microstructure evolution, hardness, electrochemical response and pitting corrosion in a salt-spray environment were assessed for Cu-rich AA7055 and a Cu-free Al-ZnMg alloy. The following can be concluded:
1. The pitting corrosion damage accumulation of AA7055 in a saltspray environment decreased in the following order: over-aged tempers > under-aged tempers > peak-aged temper because of the galvanic relationship between Al 7 Cu 2 Fe particles and the surrounding matrix. The effect of the decrease in the matrix Zn content dominated during under-aging, which made the matrix phase more noble, and thus decreased the galvanic coupling between Al 7 Cu 2 Fe particles and the surrounding matrix. However, the effect of the reduction in the matrix Cu content dominated during over-aging, which rendered the matrix phase more active, and thus increased the galvanic effect. 2. The trend of pitting corrosion damage of AA7055 in a saltspray environment was similar to the evolution of pitting potential for samples in various tempers. Accordingly, the pitting potential is useful for evaluating the susceptibility to pitting corrosion for AA7055 with different tempers in chloride-containing environments. 3. In contrast to AA7055, there was no obvious trend of the pitting corrosion damage for the Cu-free Al-Zn-Mg alloy with various aging conditions for the timescale studied. Despite the more active pitting potential, the Cu-free alloy showed less severe pitting corrosion damage than AA7055 counterparts with the same aging condition, in particular for the over-aged samples. This was attributed to the weaker galvanic coupling between Al 3 Fe particles and the surrounding matrix.
4. Pitting potential cannot provide an indication of the relative susceptibility to pitting corrosion for different alloy systems. 5. The role of Cu in the corrosion resistance depends on the distribution of Cu in the Al-Zn-Mg-Cu alloys. Despite the adverse effect of Cu in Al 7 Cu 2 Fe particles, the resistance to pitting corrosion can be improved by increasing the matrix Cu content. 6. APT results showed that the Zn, Mg and Cu concentrations in the precipitates of AA7055 increased from the peak-aged to overaged tempers, in particular for the Cu concentration. η and η precipitates had much smaller influence on the pitting corrosion than the galvanic coupling between Al 7 Cu 2 Fe particles and the matrix.
